Abstract. We present an evaluation of the online regional model WRF-Chem over Europe with a fo- and RADM2 resulting in a slight underestimation of NO x compared to surface observations. Further 16 investigation into the differences between the two mechanisms revealed that the net midday photo- Geosci. Model Dev. Discuss.,
Introduction

30
Tropospheric ozone (O 3 ) is an air pollutant with adverse effects on human and ecosystem health 31 as well as a short-lived climate forcer with a significant warming effect (e.g., Monks et al., 2015;  32 Stevenson et al., 2013; WHO, 2003) . In Europe, ozone pollution remains a problem: the European NOAA, DOE/PNNL, NCAR and other research institutes (https://www2.acd.ucar.edu/wrf-chem).
139
We defined our simulation domain on the Lambert projection. The model domain is centered at 140
15
• E, 52
• N, and covers nearly the entire European region. The horizontal resolution is chosen to 141 be 45 km × 45 km. The model domain has 115 and 100 grid points in the west-east and south-north 142 directions respectively.
143
We have used 35 vertical levels in the model starting from surface to 10 hPa. The lowest model 
Emissions
175
Anthropogenic emissions of CO, NO x , SO 2 , NMVOCs, PM 10 , PM 25 , and NH 3 are used from the 176 TNO-MACC II emission inventory for Europe (Kuenen et al., 2014) , for the year 2007. These emis-
177
sions are provided as yearly totals by source sector on a high-resolution (7 km × 7 km) grid. The 
182
These temporal profiles vary by source sector according to the SNAP (Selected Nomenclature for
183
Sources of Air Pollution) convention. NMVOC emissions are split into modeled NMVOC species
184
(e.g., ethane, aldehydes) based on von Schneidemesser et al. (2016) . NO x is emitted as 90% NO and nication, 2015) . Biogenic Emissions are calculated online based on weather and land use data using 205 the Model of Emissions of Gases and Aerosols from Nature (MEGAN) (Guenther et al., 2006) .
206
Model Chemistry
207
The two year-long WRF-Chem simulations performed for this study are summarized in Table 2 .
208
In the MOZART simulation, gas phase chemistry is represented by the Model for Ozone and and
209
Related chemical Tracers, version 4 (MOZART-4) mechanism (Emmons et al., 2010 in the Supplementary Material).
298
The spatial distribution of seasonal average T2 in the model and observations is shown in Figure 1 , 299 along with the spatial variation in mean bias and temporal (3-hourly) correlation. Overall the spatial 300 variability in measured T2 is found to be well-reproduced by WRF-Chem during all the seasons.
301
The absolute values of mean biases in T2 were generally found to be lower than 1 (Table 4) .
310
The spatial variability in wind speeds, including the seasonality with strongest winds during the Table 4 , with the spatial distribution shown in Figure 3 . (Section 4.1), which could explain the poorer temporal correlation for O 3 in these areas.
347
Looking at Tables 5 and 6 , we see some differences in the statistical performance of the MOZART 348 simulation when compared to the EMEP vs. the AirBase observational datasets. Considering the
349
EMEP observations over the whole domain ( 
363
In addition to evaluating the model's ability to simulate hourly O 3 concentrations, we also con-364 sider MDA8 and SOMO35, two metrics designed to evaluate the impact of ozone on health. The 365 distribution of seasonal average values of MDA8 is shown in Figure 6 for the MOZART simulation.
366
The European Union's Air Quality Directive states that, as a long-term objective, MDA8 should not 367 exceed the threshhold value of 120 µg m −3 ; as a target value this long-term objective should not be 368 exceeded on more than 25 days per year, averaged over 3 years. Figure 6 shows that, at some stations 369 in the Alps and in southern Italy during summer, the average value of MDA8 exceeds 120 µg m −3 .
370
As seen in Figure 7 , the number of days when MDA8 exceeds the 120 µg m −3 is greater than 25 in 371 spring alone for much of southern Europe, which is also captured well by the MOZART simulation.
372
MOZART tends to overpredict MDA8 and the days in exceedance of the target value in summer and 
378
SOMO35, an indicator for cumulative annual exposure, is shown in Figure 8 for the year 2007.
379
MOZART is able to reproduce the north-south gradient of SOMO35 seen in the observations quite 380 well, while overpredicting the magnitude of SOMO35 by 2 mg m −3 · days (Table 7) . mertime O 3 ranged from less than -20% to greater than +20% depending on the ensemble member 399 in AQMEII (Solazzo et al., 2012b; Im et al., 2015) , compared to values of -18% and +14% for the 
492
Performance of the present simulations with respect to NO 2 can also be compared to previous 493 published studies (note that none of the above-cited studies perform a validation for NO or NO x ). show the largest differences in predicted O 3 during this season (see Tables 5 and 8 ).
510
To gain insight into model behavior for O 3 , we added terms to the model output representing 511 hourly accumulated tendencies, i.e., the change in concentration of a species due to photochemistry 512 only, for July simulations using MOZART and RADM2. The hourly net photochemical production 513 rate was calculated as the difference in the accumulated tendency from one timestep to another. Fig-514 ure 15 shows the average of the midday (11:00-14:00 CEST, or 9:00-12:00 UTC) photochemical In contrast to the similar behavior seen for NO x sensitivity, the VOC sensitivity exhibited by 552 the mechanisms is quite different (Figure 16 , lower panel limited to increases of 2-4% over the base simulation.
559
Taken as a whole, Figure 16 shows that MOZART behaves in a classically NO 
568
In addition to characterizing mechanism behavior with respect to net photochemical O 3 produc-569 tion and NO x -and VOC-sensitivity, we evaluate the contribution of other sources that could ex-
570
plain the large differences in predicted O 3 between the MOZART and RADM2 simulations. First,
571
MOZART uses different rate constants for several inorganic gas phase chemical reactions. To test the 572 effect of these differences all RADM2 inorganic reaction rates were changed so that they matched 
578
Besides the gas-phase chemistry itself, there are some differences in the implementation of MOZART-579 4 vs. RADM2 in WRF-Chem that could also contribute to the observed differences in modeled O 3 : 580 in particular, in the treatment of dry deposition and photolysis (described in the Supplementary Ma-581 terial). To test the effect of differences in treatment of dry deposition, we conducted an additional 582 sensitivity in which we modified the RADM2 simulation to treat dry deposition in the same way as 583 it is treated in MOZART. However, this led to only a small difference in average ozone (an increase 584 of 1 µg m −3 ), indicating that modeled surface O 3 concentrations are relatively insensitive to these 585 differences in the treatment of dry deposition, at least in the summer. In a sensitivity test where we 586 modified the model code so that the MOZART simulation ran with the same photolysis scheme as 587 used in our RADM2 simulation (i.e., with the Madronich TUV scheme and without reading in cli-588 matological O 3 and O 2 columns), we found that average O 3 for July decreases by 3 µg m −3 . This
589
indicates that modeled O 3 is also somewhat sensitive to differences in the treatment of photolysis 590 in MOZART and RADM2. However, taken together, our sensitivity simulations suggest that the dif-591 ferences in the inorganic reaction rate coefficients are more impoprtant than the differing treatments 592 of dry deposition and photolysis in explaining the differences in predicted O 3 between the RADM2 593 and MOZART simulations.
Summary and Conclusions
595
In this paper, we present a detailed description of a WRF-Chem setup over the European domain 
666
Temporal correlation between model results and observation is evaluated using the Pearson corre-667 lation coefficient (r). The value of r is calculated at each station using
Here, the numerator represents the covariance between the model and observations, M od j and
670
Obs j represent the mean of the model and observations, respectively, and σ is the standard deviation.
671
The domain-wide correlation coefficients (e.g., Table 5 ) is then calculated as 1972 -2009 , Atmospheric Chemistry and Physics, 12, 5447-5481, Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016 -131, 2016 Manuscript under review for journal Geosci. Model Dev. Lin et al., 1983) Longwave radiation RRTMG (Iacono et al., 2008) Shortwave radiation Goddard shortwave scheme (Chou and Suarez, 1994) Surface Layer MM5 Similarity based on Monin-Obukhov scheme (Beljaars, 1995) Land-surface Physics Noah Land Surface Model (Chen and Dudhia, 2001) Urban surface physics Urban Canopy Model (Kusaka and Kimura, 2004) Planetary boundary layer Yonsei University scheme (Hong et al., 2006) Cumulus parametrization Grell 3D scheme (Grell and Dévényi, 2002) 
